Although many vertebrates can synthesize ascorbic acid (vitamin C), it is still unclear from the evolutionary perspective when the ability to synthesize the vitamin first appeared in the animal kingdom and how frequently the trait has been lost. We report here ascorbic acid biosynthesis ability in sea lamprey (Petromyzon marinus) which represent the most ancient vertebrate lineage examined thus far for presence of gulonolactone oxidase, the enzyme catalyzing the terminal step in biosynthesis of vitamin C. This finding supports the view that the ancestors of living vertebrates were not scurvy prone and that the loss of gulonolactone oxidase activity subsequently occurred several times in vertebrate phylogeny. Adult sea lamprey allocate significant amounts of ascorbic acid to the gonads to guaranty high-quality gametes. Tissue stores of ascorbate were maintained by de novo synthesis (1.2-1.3 mg of ascorbic acid/300-g sea lamprey per day at 15°C) while sea lamprey fast during spawning migration. We estimate that the in vivo daily renewal rate of ascorbate is 4-5% of the whole-body ascorbate pool based on measurement of its biosynthesis and concentration in the whole animal.
Since the discovery of its function in scurvy-prone humans and guinea pigs in 1932 (1), L-ascorbic acid (AA, vitamin C) has attracted research in the areas of nutrition, aging, cancer ethiology (2), UV-B skin damage (3) , and hormonal regulation (4) . Less attention has been given to the evolution of AA synthesis in vertebrates. It is unclear when the ability to synthesize AA first appeared in the animal kingdom and how frequently the trait has been lost (5-7). We previously described gulonolactone oxidase (GLO, EC 1.1.3.8) activity in Chondrostei fishes (sturgeon and paddlefish) (8) (9) (10) , the enzyme responsible for the oxidation of L-gulonolactone to AA (11) . The general view is that all animals lacking GLO activity require an exogenous source of AA (12) , whereas it is assumed that animals producing AA do not need an AA supply in their diet to achieve optimal growth and accomplish successful reproduction.
AA is an essential molecule in the overall health of humans and animals, including growth, bone development, immune system, and fertility. The roles of AA in reproduction are to participate in the biosynthesis of collagen, to take part in the biosynthesis of steroid and peptide hormones, and to prevent the oxidation of biomolecules. Specific transport systems for dehydroascorbic acid (oxidized vitamin C) have been identified in oocytes (13) in which AA accumulates against a concentration gradient, indicating a specific requirement of vitamin C in the gametes. In scurvy-prone teleost fishes, sperm concentration and motility were reduced by dietary AA deficiency (14) . Fecundity and embryo survival both increased with dietary AA levels in rainbow trout (Oncorhynchus mykiss) females (15) . The sea lamprey (Petromyzon marinus, Agnatha) represents an excellent model for reproductive physiologists because maturing sea lamprey allocate essential nutrients into the gonads while fasting, reach sexual maturity, and die shortly after spawning.
Adult landlocked sea lamprey enter rivers and streams tributary to the Great Lakes and migrate to the spawning grounds where reproduction occurs in the spring and summer. When migration starts, sea lamprey stop feeding and begin to mature. The cessation of feeding is associated with progressive atrophy of the intestine (16) . Gonadal development during this period depends on fat and protein reserves mainly in muscles and skin.
This investigation was conducted (i) to examine whether sea lamprey, a phylogenetically ancient vertebrate, can synthesize AA de novo and (ii) to quantify AA allocation to specific tissues during reproduction. Kinetics data of fish GLO were used to project a daily rate of AA synthesis in upstreammigrating sea lamprey.
MATERIALS AND METHODS
Adult sea lamprey used in this investigation originated from Lake Erie. Upstream-migrating sea lamprey were trapped in May-June 1995 and 1996 at Cattaraugus Creek, Springville, NY (water temperature; 13-15°C). Sea lamprey weighed 289 Ϯ 40 g (n ϭ 6) in 1995 and 340 Ϯ 41 g (n ϭ 8) in 1996. Female sea lamprey were 5% heavier than males in both years.
GLO activity was measured in the kidneys and livers of each male (three in 1995 and four in 1996) and each female (three in 1995 and four in 1996) sea lamprey using the direct spectrophotometric assay (17) . Kidneys and livers were removed, frozen in liquid nitrogen, and stored at Ϫ81°C until analyzed. Tissue samples were homogenized in 0.25 M sucrose (1 g of tissue in 5 ml of sucrose) at low speed for two periods of 10 sec using a spin homogenizer Omni 5000 (Omni International, Waterbury, CT). Homogenates were centrifuged at 15,000 ϫ g for 15 min at 4°C. Pellets were discarded and supernatants were centrifuged at 100,000 ϫ g for 60 min at 4°C. The pellets (or microsomes) were resuspended with 1 ml of 20 mM Tris-acetate (pH 8.0) containing 10 mM KCl, 1 mM EDTA, and 0.2% (wt/vol) sodium deoxycholate using a glass rod and a spin homogenizer (Omni 5000). The suspensions were then centrifuged at 14,000 ϫ g for 35 min at 4°C to solubilize the microsomes and release the enzyme into solution. The top fraction was assayed at 25°C for GLO as the microsomal fraction of the tissue preparation. Protein content of the microsomal fraction was determined with the Bradford procedure (18) using commercial Coomassie protein assay reagent (Pierce). BSA was used as the standard. GLO activity was expressed as micrograms of AA formed per milligrams of microsomal protein per hour at 25°C. The rate of AA biosynthesis in vivo per sea lamprey per day was calculated at 15°C following the procedure used previously (19) . The in vitro Michaelis constant (K m ) of white sturgeon GLO for Lgulonolactone (0.92 mM; R.M., K.D., and P. H. Sato, submitted for publication) was used for calculation. Since the concentration of L-gulonolactone in our enzyme assay (10 mM) was 10-fold higher than K m , Michaelis-Menten kinetics were applied with the assumption that the measured velocities were close to the estimates of V max . The concentration of Lgulonolactone (S) in renal cells of sea lamprey was assumed to be no greater than 0.05 mM (19) . A theoretical observed rate (V 0 ) at 25°C was calculated for male and female sea lamprey by substituting into the equation V 0 ϭ V max ⅐S/K m ϩ S. The values were then multiplied by 6 (since 1 g of sea lamprey kidney contains approximately 6 mg of microsomal protein), followed by times 24 (to convert to 1 day), then times 2 (weight in grams of the kidneys in a 300-g male or female sea lamprey), and divided by 1.73 (Q 10 between 15 and 25°C as determined for sea lamprey GLO) to express the rate of synthesis at 15°C (water temperature at Cattaraugus Creek).
Total and oxidized AA concentrations in liver, kidney, and testis of each male (three in 1995 and four in 1996) and in liver, kidney, and eggs of each female (three in 1995 and four in 1996) were determined using the 2,4-dinitrophenylhydrazine colorimetric method (20) . The sum of reduced and oxidized forms of AA represents the total AA concentration. Tissues were homogenized in 5% (wt/vol) trichloroacetic acid solution containing 250 mM HClO 4 and 0.08% (wt/vol) EDTA using a spin homogenizer (Omni 5000) and centrifuged at 29,000 ϫ g for 30 min at 4°C. Supernatants were stored at Ϫ81°C until assayed.
Total AA concentration in the whole body minus liver, kidney, and gonads was determined using HPLC with an electrochemical detection (HPLC-EC) procedure from three males and three females sampled in 1996. The HPLC system comprised a 25-cm ϫ 4.6-mm, 5-m particle size, PLRP-S column (Polymer Laboratories, Amherst, MA), an amperometric detector LC-4C (Bioanalytical Systems, West Lafayette, IN), and a cross-flow cell equipped with a glass carbon electrode and an Ag/AgCl reference electrode. The applied potential was ϩ0.575 V (oxidative mode). The mobile phase consisted of 20 mM NaH 2 PO 4 ⅐H 2 O, 0.06% (wt/vol) metaphosphoric acid, and 0.4% (vol/vol) acetonitrile (pH 3.0) delivered at a flow rate of 0.4 ml/min. Samples were homogenized (1 g of tissue in 10 ml) in cold 0.1% (wt/vol) metaphosphoric acid containing 0.1 mM EDTA and 1 mM thiourea (pH 2.2), and centrifuged at 29,000 ϫ g for 30 min at 4°C. The supernatants were kept at Ϫ81°C until assayed. One milliliter of supernatant was incubated with 1 ml of 1% (wt/vol) DLhomocysteine and 8 ml of 50 mM sodium phosphate buffer (pH 7.2) containing 0.1 mM EDTA and 1 mM thiourea for 30 min at room temperature. The reaction was stopped by transferring 0.5 ml of incubate into 0.5 ml of cold 3.5% (wt/vol) metaphosphoric acid. The samples were filtered through a 0.45-m nylon membrane prior to injection.
Statistical analysis was performed using the unpaired Student's t test. The accepted level of significance was 0.05. 
RESULTS AND DISCUSSION
Lamprey (Agnatha, Petromyzontiformes) belong to the most phylogenetically ancient group of fishes (origin of Petromyzontiformes 420 million yr before the present; ref. 21 ) ever studied regarding AA biosynthesis (Fig. 1) . GLO activity was found in the kidney of sea lamprey and was associated with the microsomal fraction. The levels of enzyme activity (126-159 g AA/mg microsomal protein per h at 25°C) were not significantly different (P Ͼ 0.05) irrespective of the sex or the year of sampling (Table 1) . No enzyme activity was detected in the liver. GLO activity is reported in the kidney of landlocked sea lamprey (P. marinus), corroborating previous data of trace activity in Lampetra japonica (29) . The present study supports the notion that kidneys are the site of AA biosynthesis in poikilothermic vertebrates such as amphibians and reptiles (31, 32) , Dipnoi (29, 30) , and Chondrostei fishes (8-10) and extends this view to a representative of jawless vertebrates (Agnatha). Since there is no instance of re-acquisition of GLO activity once lost, present evidence suggests that the common ancestor of Agnatha and Gnathostomata, that existed in the Cambrian period (590-500 million yr before present), possessed GLO from which living aquatic and terrestrial vertebrates evolved. Independent episodes of evolution led to the loss of GLO activity (due to missense mutations in the coding region of the gene; refs. 33 and 34) several times in vertebrate phylogeny, such as in teleost fishes (17) , passeriform birds (6), bats (7), guinea pigs (5, 33), and primates (5, 34) .
Parasitic sea lamprey rely on endogenously produced AA to maintain the AA pool in their reproductive organs. Because blood plasma of fish fed upon by lamprey has a low concentration of AA (1-5 g /ml) (35), dietary AA is likely to be a marginal source compared with AA produced enzymatically in the kidneys. When examined in relation to terrestrial mammals, the calculated rate of AA synthesis in the 300-g sea lamprey (1.2-1.3 mg AA/300-g sea lamprey per day at 15°C) was found to be intermediate to that of the 350-g rat (5.4 mg AA/liver per day at 37°C) and that of the 25-g mouse (0.3 mg AA/liver per day at 37°C) (19) . Also, upstream-migrating sea lamprey do not feed and depend exclusively on endogenously produced vitamin C to compensate for metabolized AA. Thus, the synthesis rate can be viewed as a reliable estimate of the recommended daily allowance for AA maintenance in migrating lamprey. In vivo studies using 220-to 347-g male rats and i.p. 14 C-labeled AA administration as the sole exogenous supply of vitamin C showed that the amount of AA synthesized daily (2.6 mg AA/100 g body weight) was about the same as the amount required each day in the diet of guinea pigs of similar body weight to maintain tissue saturation (36) . Assuming that migrating sea lamprey are in a steady state in respect to AA synthesis and degradation and consequently the body pool of AA remains constant during the upstream migration, the synthesis rate corresponds to the turnover rate, i.e., the amount of body AA renewed per day. Based on our calculations (daily synthesis/whole-body pool, percent), approximately 4-5% of the whole-body AA pool is renewed daily via biosynthesis in 300-g sea lamprey at 15°C irrespective of the sex. For comparison, the whole-body pool of AA in 270-to 355-g adult male rats amounted to 24-43 mg of AA and approximately 5-8 mg of AA was synthesized per day (37) . Thus, the turnover rate of the body pool per day in the rat ranged from 19 to 21%.
AA allocation was influenced by sea lamprey sex. In males, tissue total AA concentrations did not differ significantly between 1995 and 1996 (Fig. 2) . The oxidized AA concentrations in the liver and testis were significantly (P Ͻ 0.05) lower in males sampled in 1996 as compared with those sampled in 1995. Large variations among individuals were observed in the testes. Most of the AA found in the liver, kidney, and testis was in the oxidized state. Female sea lamprey sampled in 1995 differed significantly (P Ͻ 0.05) from those sampled in 1996 FIG. 2. Total AA (whole columns) and oxidized AA (black columns) concentrations in liver, kidney, and gonads of male (Top) and female (Bottom) sea lampreys trapped in 1995 and 1996 during the upstream migration to the spawning grounds. Mean Ϯ SD of three to four males or females. An ‫ء‬ denotes that total AA or oxidized AA concentration in a given tissue was significantly different in 1996 compared with 1995 (P Ͻ 0.05). The hepatosomatic indices (liver weight/body weight, percent) were higher in males [2.6 Ϯ 0.4% (n ϭ 7)] than in females [1.4 Ϯ 0.3% (n ϭ 7)] in 2 subsequent yr. The gonadosomatic index (gonad weight/body weight, percent) was 1.9 Ϯ 0.5% (n ϭ 5) in males sampled in 1995 and 1996. Female gonadosomatic index was 25.0 Ϯ 4.8% (n ϭ 7). The relative weight of kidney was 0.68 Ϯ 0.04% (n ϭ 14) of total body weight irrespective of the year of sampling or the sex. with respect to liver AA concentrations. Significant differences were also found in kidney total AA and egg oxidized AA concentrations in female sea lamprey. In the livers of females, total AA concentrations were three times higher than in males. Liver, kidney, and gonad represented a small portion (5.7%) of the total AA in males, whereas the same three tissues accounted for 43.3% of the total AA in females (Fig. 3) Further study is required to explain the role of the skin as a storage site of vitamin C, possibly in osmoregulation and body defenses. Upstream-migrating sea lamprey studied in 1995 and 1996 displayed similar AA concentrations in their tissues, indicating that males and females had consistent AA status in both years while approaching the spawning grounds. Male and female sea lamprey also showed consistency in whole-body AA content and rate of AA biosynthesis. However, AA was differently distributed within the body depending on the sex. AA deposition in eggs exceeded that of any other organs, representing 38.6% of the total pool of AA in female sea lampreys. In contrast, testis AA amounted to 2.2% of total body pool in males. Male and female sea lamprey showed comparable levels of GLO activity, indicating that discrepancies regarding the tissue AA allocation between sexes were the result of distinct patterns of distribution within tissues rather than different rates of AA biosynthesis. It also suggests that AA deposited into the gonads was transferred from reserve tissues such as the muscle and the skin, transported via the blood, and accumulated against a concentration gradient into the gametes requiring specific transporters (13) .
The process of AA accumulation into sea lamprey eggs is in agreement with previous studies conducted in scurvy-prone teleost fishes (14, 15) . This results in high concentrations of AA and stresses the importance of AA in gonadogenesis of all vertebrates irrespective of the ability to biosynthesize vitamin C. 
